Objective: To find new protein biomarkers for the detection and evaluation of liver injury and to analyze the relationship between such proteins and disease progression in concanavalin A (Con A)-induced hepatitis. Methods: Twenty-five mice were randomly divided into five groups: an untreated group, a control group injected with phosphate buffered saline (PBS), and groups with Con A-induced hepatitis evaluated at 1, 3 and 6 h. Two-dimensional gel electrophoresis (2-DE) and mass spectrometry (MS) were used to identify differences in protein expression among groups. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to verify the results. Results: In mice with Con A-induced hepatitis, expression levels of four proteins were increased: RIKEN, fructose bisphosphatase 1 (fbp1), ketohexokinase (khk), and Chain A of class pi glutathione S-transferase. Changes in fbp1 and khk were confirmed by qRT-PCR. Conclusion: Levels of two proteins, fbp1 and khk, are clearly up-regulated in mice with Con A-induced hepatitis.
Introduction
Toxic liver disease is a worldwide health problem. The mechanisms that induce this disease are highly complex and involve numerous metabolic pathways and substances inside and outside the cells that respond to the toxin stimulus. The importance of this disease is demonstrated by the recent establishment of the liver toxicity biomarker study (LTBS) (McBurney et al., 2009) . When mice are treated with concanavalin A (Con A), lymphokines are released from lymphocytes and other mononuclear cells (Kelso and Gough, 1987) and there is a rapid inflammatory alteration of the liver tissue, including obvious infiltration of neutrophils, macrophages and T cells, and a significant simultaneous increase in the level of transaminases in the peripheral blood. The murine model of Con A-induced hepatitis was first established by Tiegs et al. (1992) to study the expression of hemopoietic growth factor genes of T lymphocytes, and in recent years has been widely used as a model of toxic liver disease.
Since two-dimensional gel electrophoresis (2-DE) was developed by O′Farrell (1975) , it has been an important method for protein separation (Dominguez et al., 2007) . 2-DE combined with mass spectrometry (MS) has been widely applied to the analysis of levels of protein expression and comparisons between diseased and normal individuals using this method are used for biomarker discovery (He et al., 2003) . Here we used 2-DE/MS to evaluate samples from mice with Con A-induced hepatitis and compared them to those from normal mice to analyze changes in protein expression resulting from liver toxicity.
Materials and methods

Animals and treatments
We purchased twenty-five male BALB/c mice (18-20 g) from Zhejiang Academy of Medical Sciences and kept them for at least 1 week at 22 °C and 55% relative humidity in a 12 h day/night rhythm. Food and water were provided ad libitum. All experiments were conducted according to our institutional rules on animal experiments. Mice were randomly divided into five groups. One group was untreated; one group was injected with phosphate buffered saline (PBS). For the other three groups, mice were given Con A dissolved in pyrogen-free saline (20 mg/kg) via a tail vein injection. Mice were sacrificed at 1, 3 and 6 h after injection of Con A, and liver tissue and serum were collected at the time of sacrifice.
Histochemistry
Liver tissue was fixed with 10% (w/v) formalin/PBS and then stained with hematoxylin-eosin (H & E) according to standard protocols.
Analysis of alanine transaminase (ALT), aspartate transaminase (AST), and lactate dehydrogenase (LDH) activities
We quantified liver injury by measuring plasma activities of ALT, AST, and LDH in the clinical laboratory of the First Affiliated Hospital, School of Medicine, Zhejiang University using standard protocols.
Protein sample preparation and 2-DE
Liver tissue was prepared as described by Henkel et al. (2006) . Protein (200 μg per sample) was analyzed from each of the five mice in each group. We used 24-cm immobilized pH gradient (IPG) strips (pH 3-10 non-linear) and the IPGphor isoelectric focusing (IEF) system (GE, UK) for the first dimension and 200 μg protein was loaded. The second dimension of electrophoresis was a vertical 12.5% (w/v) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The process of isoelectric focusing, SDS-PAGE, silver staining and imaging of the 2-D gels was carried out as described in Yu et al. (2007) . Samples from each mouse were analyzed three to five times. Selected protein spots from correlation analysis (van Belle et al., 2006) were excised from gels and placed in Eppendorf tubes and digested as described by Wilm et al. (1996) .
Matrix-assisted laser desorption/ionizationtime of flight mass spectrometry (MALDI-TOF MS) analysis of tryptic peptides
Mass analysis was performed using a BrukerDaltonics AutoFlex TOF-TOF LIFT Mass Spectrometer (Bruker, Germany). MS spectra were acquired in reflector mode. The MALDI spectra were averaged over 50 laser shots. We used a standard peptide mixture [hydroxycinnamic acid (HCCA)] to calibrate all mass spectra externally and trypsin auto-digestion peaks for internal calibration.
Identification of differentially expressed proteins
We used peptide mass fingerprints obtained by the MALDI-TOF MS to search non-redundant protein database (NCBInr) using Mascot software. The parameters were peptide mass between 1 000 and 3 000 U and carbamidomethyl and oxidation allowed for modifications. One missed cleavage site was allowed and mass accuracy was ±1 U. The species was restricted to Mus musculus. The criteria for positive protein identification were: (1) the protein score was −10×logP, where P is the probability that the observed match is a random event; protein scores greater than 64 were significant (P<0.05) and (2) 100×10 −6 or better mass accuracy was required.
Quantitative real-time polymerase chain reaction (qRT-PCR)
To verify the result of 2-DE, we performed qRT-PCR to measure the mRNA expression of related proteins. We isolated mRNA from hepatic cells according to standard protocols and converted it to complementary DNA (cDNA) as described by Zhang et al. (2004) . The SYBR green assay (ABI, USA) was carried out as per the manufacturer's protocols using an ABI 7900 thermocycler. qRT-PCR was performed to quantify the amplification of target cDNA using β-actin expression as an internal control. The parameters for qRT-PCR were as described by Farago et al. (2008) . The following primers were used: β-actin sense, 5′-AACAGTCCGCCTAGAAGCAC-3′; β-actin antisense, 5′-CGTTGACATCCGTAAAGACC-3′; RIKEN sense, 5′-GGTTGCTTGGGCTGTT-3′; RIKEN antisense, 5′-GTCCACGCTCATCACG-3′; fructose bisphosphatase 1 (fbp1) sense, 5′-CTGCGGCTGC TGTATG-3′; fbp1 antisense, 5′-TCGGTGGGAACG ATGTCT-3′; ketohexokinase (khk) sense, 5′-GCTAT GGTGAGGTGGTGTT-3′; khk antisense, 5′-GTGGG AAGGCATCTGAGTG-3′.
Statistical analysis
The data are expressed as mean±standard deviation (SD). Statistical significance (P<0.05) was determined using a one-way analysis of variance (ANOVA). Post-testing was performed using the Bonferroni method.
Results
Con A-induced liver injury
Acute hepatitis was induced by intravenous injection with Con A via a tail vein. Mice were sacrificed at 1, 3, and 6 h after injection, and serum and liver tissue were collected for biochemical and histological evaluation. No deaths occurred in any (Table 1 ). Histological analysis confirmed that the development of liver injury paralleled increases in levels of these biochemical markers (Fig. 1) . This histological alteration was liver-specific and no obvious changes were observed in liver tissues of control animals (data not shown).
Differential proteome analysis of 2-DE maps
To identify proteins with differential expression in the liver between Con A-treated and control tissues, we isolated protein from livers of all mice from each group. We then used 2-DE and silver staining to separate and visualize proteins. Representative 2-DE patterns are shown in Fig. 2 . Nearly 500 proteins spots were obtained in the range of M r 14 400-94 000, and pI 3-10. ; (e) 6 h after injecting Con A intravenously (note severe hepatocyte swelling and necrosis)
Protein identification by MALDI-TOF MS
Four distinct protein spots (Fig. 2) were excised from gels. The intensity of each of these spots was up-regulated in liver tissue collected 6 h after Con A treatment when compared to controls. The proteins in these spots were digested with trypsin in the gel, and were eluted and analyzed using MALDI-TOF MS. The proteins were identified by comparison to data in the NCBInr using Mascot software (Table 2) .
qRT-PCR analysis of selected proteins
To validate the results from 2-DE, we used qRT-PCR to measure the mRNA levels of the proteins identified. We were unable to find an accurate gene sequence for Chain A of the class pi glutathione S-transferase, so levels of only three of the four proteins were evaluated (Fig. 3) . The untreated group's ΔC t was used as a reference and calculated as described by Yuan et al. (2006) . There was no significant difference between the levels of these mRNAs in the mice treated with PBS and untreated mice. Although protein levels were elevated in Con A-treated mice, the levels of RIKEN mRNA in Con A-treated mice were reduced by about 74% and 49% at 1 and 6 h, respectively, compared to those in untreated controls. The levels of fbp1 and khk mRNA were increased in Con A-injected mice compared to those in untreated controls. Thus, the mRNA expression of fbp1 and khk was consistent with the 2-DE analysis of protein levels.
Discussion
In recent years, proteomic technologies have made an impact on biomedical research, especially on biomarker discovery. Proteins are responsible for carrying out biological functions and recent studies have shown that levels of protein and mRNA expression are not always correlated (Bodzon-Kulakowska et al., 2007) . Therefore, it is of great interest to study the expression of proteins, which may be altered by different disease processes.
In this study, we established an acute hepatitis model by injecting Con A intravenously into mice. We then quantitatively analyzed the expression of liver proteins in Con A-treated and untreated mice. McBurney et al. (2009) searched for biomarkers for phase I of drug-induced liver injury; protein levels were evaluated 3 and 28 d after dosing. We chose time points at 1, 3 and 6 h after Con A injection because Tiegs et al. (1992) showed that liver injury was observed only 8 h after Con A treatment of male BALB/c mice. Thus, our analysis revealed changes in protein levels in the acute phase of liver injury. We confirmed the establishment of the model by biochemical testing and histological examination at each of the three time points. The liver protein profiles of the Con A-induced injury groups were compared to those of the corresponding controls by 2-DE, and proteins with altered expression were identified by MS. Four proteins were up-regulated by Con A treatment: RIKEN, fbp1, khk, and Chain A of class pi glutathione S-transferase.
Fbp1 belongs to the protein family of fructose-1,6-bisphosphatases (Horecker et al., 1975) . It catalyzes the fructose-1,6-biphosphate hydrolysis into fructose-6-phosphate and plays a critical role in gluconeogenesis. Duncan et al. (1994) demonstrated that fbp1 is a single-stranded DNA-binding protein that activates the far upstream element of c-Myc. Cuesta et al. (2006) found that fructose-1,6-bisphosphate prevents endotoxemia and liver injury induced by D-galactosamine in rats by inhibiting macrophage activation. They also found that exogenous fructose-1,6-bisphosphatase has anti-histaminic and antiinflammatory action through its function as a K + channel modulator. We hypothesize that the expression of fbp1 may be increased to a level above the threshold for its anti-inflammatory action in response to Con A challenge. Further research is needed to prove this hypothesis.
In dietary fructose metabolism, the first step is catalysis of the phosphorylation of fructose to fructose-1-phosphate (F1P) (Hwa et al., 2006) . Khk plays an important role in this process. In higher eukaryotes, khk is believed to function as a dimer and K + and adenosine triphosphate (ATP) are required for activity. In humans, a benign inborn error of metabolism caused by fructosuria is called hepatic khk deficiency (Bonthron et al., 1994) . Wang et al. (1980) found that phosphofructokinase activity is increased in mouse spleen lymphocytes in culture 8 h after Con A stimulation. We found similar increases at 6 h after Con A injection but not at 3 h. This change in khk levels may be related to the mechanism of anti-inflammation. The role that Chain A of class pi glutathione S-transferase might play in liver toxicity is not clear. The 3D structure has been determined and its inhibitors may reduce inflammation (Párraga et al., 1998; García-Sáez et al., 1994) . We noted that chain A was also up-regulated in the PBS group and thus it may be induced by non-specific stress.
The changes in fbp1 and khk protein levels were correlated with up-regulation in mRNA levels as shown by qRT-PCR in Con A-treated mice. However, RIKEN mRNA levels were decreased rather than increased in Con A-treated mice. We were unable to evaluate mRNA levels for glutathione S-transferase as the sequence has not yet been clearly established. Puppala et al. (2006) used a mouse model to study gallbladder disease and found clear correlations between mRNA and protein levels. Our qRT-PCR and 2-DE results were not so consistent. It may be that the expression of protein and mRNA is not necessarily correlated (Bodzon-Kulakowska et al., 2007) .
In conclusion, this study provided information regarding several proteins up-regulated soon after induction of hepatitis in a mouse model. Up-regulation of the expression of these four proteins may be due to a direct cytopathic effect of Con A or a Con A-induced inflammatory response. Further analysis of these proteins in cell culture experiments will be required to determine their role in liver toxicity induced by Con A.
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